The aim of the present study was to assess the ability of several echocardiographic and TDI (tissue Doppler imaging) parameters to predict an elevated LVEDP (left ventricular end-diastolic pressure) in patients with abnormal relaxation. Eighty-two consecutive patients presenting with an E/A ratio (ratio of early-to-late diastolic peak transmitral velocity) < 0.9 scheduled for left heart catheterization underwent echocardiography, including TDI, and measurement of LVEDP using fluid-filled catheters. The difference in duration between PV R (retrograde peak in the pulmonary veins) and A ( PV R − A) was calculated from pulsed Doppler recordings. V P (propagation velocity of the early mitral inflow) was determined by colour M-mode. TDI measurements included E (early diastolic peak myocardial velocities near the lateral mitral annulus), MVG (the early diastolic transmyocardial velocity gradient of the posterior basal wall) and the PRT (peak relaxation time), determined as the time interval between aortic valve closure and peak E . Fifty-six patients presented with LVEDP values < 15 mmHg, whereas an LVEDP >15 mmHg was found in 26 patients. The index PV R − A showed a significant linear correlation with LVEDP (r = 0.7, P < 0.001) and provided the highest predictive accuracy for the identification of LVEDP >15 mmHg [AUC (area under receiver operating characteristic curve) = 0.83], followed by PRT (AUC = 0.67), whereas other TDI-derived parameters failed to reach significance. In conclusion, PV R − A enabled the most accurate non-invasive estimation of LVEDP. A prolonged peak relaxation time was the only TDI-derived index that differed significantly between patient groups.
INTRODUCTION
Previous investigations have demonstrated that symptoms of congestive heart failure may also occur in patients with normal LV (left ventricular) systolic performance, as a consequence of various degrees of diastolic dysfunction [1, 2] . Chronic elevated LVEDP (LV enddiastolic pressure) at rest was found to be associated with an adverse outcome in various clinical settings [3, 4] . Doppler echocardiography has emerged as a valuable non-invasive clinical tool for the assessment of LV diastolic function. Although restrictive or pseudonormalized transmitral filling patterns are recognized to predict high LVEDP values, there is still lack of consensus regarding the best approach for the evaluation of LVEDP in the presence of impaired relaxation. TDI (tissue Doppler imaging) has been proposed as a better non-invasive modality to estimate LVEDP [5] [6] [7] [8] [9] [10] [11] [12] [13] . The present prospective study attempted to assess the accuracy of several pulsed colour Doppler parameters and TDI-derived indices to differentiate between isolated relaxation abnormalities and advanced stages of diastolic dysfunction, characterized by both delayed relaxation and elevated LVEDP. In particular, we evaluated the diagnostic value of the time sequence of LV relaxation to identify elevated filling pressures by measuring PRT (peak relaxation time) as the interval between aortic valve closure and the early peak diastolic myocardial velocity.
METHODS

Patients
The study population consisted of patients in sinus rhythm scheduled for elective coronary angiography for evaluation of coronary artery disease, presenting with an E/A (early-to-late transmitral peak velocities) < 0.9 during the Doppler echocardiography examination performed routinely on admission. Patients referred for acute coronary syndromes as well as those having significant mitral or aortic valve disease, left or right branch bundle block, ventricular aneurysm involving the basal LV segments and intracardiac pacemakers were excluded. Furthermore, we excluded patients undergoing coronary angioplasty during the same session and nine patients with poor quality of pulmonary venous Doppler signal. As a result, 82 consecutive patients were enrolled. After invasive measurement of LVEDP, patients were classified into two groups: 56 patients had LVEDP < 15 mmHg and 26 patients presented with LVEDP 15 mmHg.
The investigation has been carried out in accordance with the Declaration of Helsinki of the World Medical Association (2000) and informed consent was obtained from all subjects who participated in the study.
Coronary angiography
All patients underwent ventriculography and selective coronary angiography via the femoral approach, using 5-French sheaths. LVEDP measurement was performed before ventriculography and coronary angiography, at end-expirium, by fluid-filled pigtail catheters attached to manifold micromanometer transducers. In all patients, the pigtail catheter was positioned close to the posterior mitral annulus in order to achieve a stable location and to avoid premature ventricular contractions. After placing the catheter in the left ventricle, the external transducer situated in the mid-chest position was referenced again to 0 before the measurements began. Pressure recordings were done at a paper speed of 100 mm/s. LVEDP was measured as the pressure plateau immediately before the systolic increase of intraventricular pressure. LV diastolic pressure was also determined at steady state prior to atrial contraction (LV pre−A P). LVEDP and LV pre−A P were calculated as the mean value of five consecutive heart cycles provided no ventricular premature complexes occurred and the beat-to-beat differences did not exceed 4 mmHg for LVEDP and 2 mmHg for LV pre−A P. EF (ejection fraction) was determined by manual planimetry on digitally recorded ventriculograms using the RAO 30
• projection.
Standard Doppler echocardiography
Echocardiographic studies, including TDI, were performed on the same day 4 + − 3.5 h (range, 1-7 h; median value, 3.5 h) after left heart catheterization in left lateral decubitus position using a Vivid Five system (GE Vingmed Ultrasound, Horten, Norway) equipped with a 2.5 MHz phased-array transducer and TDI technology. For quantitative analysis, the M-mode and Doppler images and the TDI loops were digitally stored on magnetic-optical disks and analysed off-line using the attached software package (EchoPac TM version 6.3.2; GE Vingmed Ultrasound) on a Power Macintosh G3 computer. All echocardiographic measurements were done by two physicians and were reviewed by an experienced staff cardiologist, who were blinded to the invasive data.
Anatomic M-mode measurements were performed according to the recommendations of the American Society of Echocardiography [14] , and LV mass was calculated using the Penn-cube method [15] . V P (propagation velocity of the early filling wave) was measured as described previously [16, 17] . PV S (pulmonary venous peak systolic velocity), PV D (pulmonary venous peak diastolic velocity) and PV R (reverse flow velocity at the time of the atrial contraction) were recorded from an apical four-chamber view with the sample volume situated approx. 1 cm into the right upper pulmonary vein. E, A and DT (deceleration time of E) were recorded at end-expirium from the apical four-chamber view by pulsed Doppler using a sample volume of 2 mm diameter placed between the mitral leaflet tips in the centre of the flow stream. The difference in duration between PV R and A ( PV R − A) was calculated from pulsed Doppler recordings at the same heart rate in all 82 study patients. Finally, all study subjects performed a maximal non-standardized Valsalva manoeuvre. Transmitral Doppler profiles were obtained at the end of its strain phase and E V and A V (peak diastolic velocities during Valsalva manoeuvre) were recorded.
The relative variation in the E/A ratio [ (E/A)] was calculated as: (E/A) = 1 − (E V /A V )/(E/A). All M-mode and Doppler measurements were averaged over five cardiac cycles.
TDI
TDI cineloops of three cardiac cycles from the apical four-chamber view and parasternal long axis respectively, were acquired in end-expiratory apnoea at a rate of 133-147 colour Doppler frames/s using a velocity range of 0.1-16 cm/s. The attached research software was used for the off-line analysis of TDI data sets. E and A (peak early and late myocardial diastolic long-axis velocities respectively) were obtained from the apical four-chamber view with the sample volume placed near the lateral (E lat and A lat ) and septal (E sep and A sep ) corners of the mitral ring. Similarly, E post and A post (short-axis peak velocities) were determined from a parasternal long-axis view in the vicinity of the posterior mitral ring. DT lat , DT sep and DT post (deceleration time of the early diastolic velocity for each location) were also calculated. The early diastolic peak MVG (myocardial velocity gradient) was measured using anatomic M-mode TDI from the parasternal long-axis view across the posterior basal LV wall, as described previously [12] .
We also used PRT (peak relaxation time) to evaluate LV relaxation, measured between the aortic valve closure artefact and E (Figure 1 ). Aortic valve closure can be easily recognized on TDI profiles of the proximal interventricular septum as an abrupt change after the systolic wave on the velocity curve [18] . PRT was measured on the short axis from the parasternal long-axis view at the level of the posterior basal LV wall (PRT post ) and on the long axis from the apical four-chamber view within the lateral basal segment (PRT lat ). Although annular velocities were registered directly on-line, the measurement of PRT required a mean off-line analysis time of 40 s, as determined in a sample of 30 patients.
All TDI measurements were averaged over three cardiac cycles.
Feasibility and interobserver variability
An accurate TDI signal could be obtained in all patients. Nine of initially 91 patients considered for the study (9.9 %) were excluded because of the poor quality of their pulmonary venous Doppler profiles. Reproducibility of PV R − A and TDI measurements (E lat , E sep , A lat , A sep , MVG and PRT lat ) was assessed by two independent observers on 20 randomly chosen recordings on two separate occasions. The interobserver differences, expressed as means + − S.D, for PV R − A (6 + − 11 ms), E lat (1.8 + − 6.5 mm/s), E sep (0.8 + − 4.8 mm/s), MVG (0.01 + − 0.51 s − 1 ) and PRT lat (9 + − 14 ms) were within an acceptable range. The coefficients of variance were 24 % for PV R − A, 3 % for E lat , 2 % for E sep , 12 % for MVG and 8 % for PRT lat .
Statistical analysis
All continuous variables were expressed as means + − S.D. and were analysed between patient groups using one-way ANOVA. Categorical variables were presented as percentages and analysed using Pearson's χ 2 test. Correlation between LVEDP, LV pre−A P and several noninvasive indices was determined by linear regression analysis, and the predictive accuracy for elevated LVEDP and LV pre−A P was assessed from ROC (receiver operating characteristic) curves using the statistical software package SPSS for Windows (version 10.0.5). P values < 0.05 were accepted as statistically significant.
RESULTS
Clinical characteristics and haemodynamic data
There were no significant differences between patient groups with regard to age, gender, prevalence and extent of coronary artery disease, risk factors and cardiovascular medication ( Table 1 ). The great majority of patients in both groups had a normal LV EF.
As shown in Figure 2 (upper panel), there was a good linear relationship between LV pre−A P and LVEDP (r = 0.88, P < 0.001). A cut-off LV pre−A P value of 8 mmHg allowed the prediction of LVEDP values 15 mmHg with a sensitivity of 88 % and a specificity of 93 %. As described previously [19] , the rise in LV a P (intraventricular pressure during atrial contraction; LV a = LVEDP − LV pre−A P) also showed a very good correlation with LVEDP (r = 0.85, P < 0.001; Figure 2 , lower panel). Using a cut-off value of 7 mmHg, LV a P predicted LVEDP values 15 mmHg with a sensitivity of 85 % and a specificity of 90 %. On the contrary, LV pre−A P exhibited a relatively poor linear correlation with LV a P (r = 0.49, P < 0.01), suggesting a low degree of interdependence between early and late diastolic haemodynamic events.
Echocardiographic observations
The results of the standard Doppler echocardiographic measurements and TDI are shown in Tables 2 and  3 respectively. Of all of the Doppler parameters, only the duration of PV R was significantly longer in patients with elevated LVEDP, whereas PV R itself was not related to LVEDP or LV pre−A P. Accordingly, the temporal index PV R − A differed considerably between patient groups. As shown in Figure 3 , PV R − A correlated linearly with LV pre−A P (r = 0.62, P < 0.01) and especially with LVEDP (r = 0.7, P < 0.001). Consequently, filling pressures could be estimated according to the following regression equations: LV pre−A P (mmHg) = 0.09 × PV R − A (ms) + 4.85, and LVEDP (mmHg) = 0.17 × PV R − A (ms) + 10.21.
There were no differences between patient groups in MVG, E , A , E /A and E/E , irrespective of the selected region of measurement (Table 3) . PRT lat was significantly prolonged in the presence of elevated filling pressures (Figure 4 , lower panel), without achieving a linear correlation with LVEDP ( Figure 4, upper panel) . PRT post exhibited a similar trend, without reaching statistical significance.
ROC analysis for LVEDP 15 mmHg ( Figure 5 , upper panel) showed the highest values of the AUC (area under the ROC curve) for PV R − A (AUC = 0.92; P < 0.001), followed by PV R (AUC = 0.85; P < 0.001) and PRT lat (AUC = 0.69; P < 0.01). These parameters also allowed the prediction of LV pre−A P 8 mmHg, presenting comparable AUC values ( Figure 5 , lower panel).
PV R − A values greater than 20 ms predicted LVEDP 15 mmHg with a sensitivity of 87 % and a specificity of 85 % and LV pre−A P 8 mmHg with a sensitivity of 74 % and a specificity of 86 %. LVEDP values 15 mmHg were also predicted by PRT lat > 100, with a sensitivity of 76 % and a specificity of 76 %. 
DISCUSSION
The relationship between mean left atrial pressure, estimated as LV pre−A P, and PV R − A measured by pulsed Doppler was demonstrated for the first time in 1993 by Rossvoll and Hatle [20] and has subsequently been confirmed by other studies [19] [20] [21] [22] . From a clinical point of view, the assessment of PV R − A for prediction of LV filling pressures is particularly useful in patients with normal systolic LV function and early stages of diastolic dysfunction (E/A < 1), as demonstrated by Kimura et al. [19] using simultaneous LVEDP and LV pre−A P measurements by Millar catheters. Another method to estimate LVEDP in patients with E/A < 1 was reported by Schwammenthal et al. [23] , who found a correlation between the increase in A during Valsalva manoeuvre and LVEDP. TDI of the mitral annulus has emerged as a simple non-invasive method for assessment of systolic and diastolic LV function [5, 6, [8] [9] [10] [11] . The early annular peak velocity E is diminished in the presence of elevated filling pressures [5, 6] , but the direct relationship to LVEDP is altered if impaired relaxation coexists [6] . Previous studies [5, [8] [9] [10] [11] 24] stated that the ratio E/E correlates significantly with the mean capillary wedge pressure and with LVEDP. However, the diagnostic value of TDI indices for LVEDP assessment, particularly in patients with E/A < 1, has not been investigated yet. The first assessment of the temporal relationship between LV relaxation and filling was reported by Oki and co-workers [25, 26] , who demonstrated the correlation between PRT and the time constant of LV pressure decay during isovolumic relaxation in patients with systemic hypertension.
In the present study, we investigated patients with a mitral inflow pattern of abnormal relaxation in an attempt, for the first time, to provide a direct comparison between all TDI-derived and conventional echocardiographic parameters, acknowledged to be useful for the non-invasive estimation of LV filling pressures. In this study population with a high incidence of coronary artery disease and systemic hypertension, we found elevated LVEDP and LV pre−A P values in approx. one-third of patients presenting with E/A < 0.9. Confirming previous results, PV R − A provided a 
Study limitations
Firstly, the invasive and non-invasive examinations were not performed simultaneously. Nevertheless, no significant differences were found for heart rate and arterial pressure between left heart catheterization (66 + − 6 beats/min and 131 + − 21/69 + − 8 mmHg for patients with LVEDP < 15 mmHg, and 68 + − 5 beats/min and 133 + − 19/73 + − 10 mmHg for patients with LVEDP > 15 mmHg) and the echocardiographic examination (Table 2 ). This hypothesized low intrapatient variability is consistent with the results of Palmieri et al. [27] , who evaluated the reproducibility of echocardiography for assessment of LV diastolic Doppler parameters in 40 consecutive patients undergoing two echocardiographic examinations less than 24 h apart and reported acceptable values for 80 % confidence intervals of absolute differences between examinations of E/A at tips of mitral valve (− 0.11 to + 0.19), as well as for V P (− 0.05 to + 0.09 m/s), E lat /A lat (− 0.69 to + 0.19) and systolic blood pressure (+ − 6 mmHg). Secondly, fluid-filled pigtail catheters were used instead of manometer-tipped catheters. However, the most important limitation of underdamped fluidfilled systems is the poor frequency response [28] , affecting estimation of dp/dt, but not the assessment of absolute LVEDP values, provided the calibration has been correctly performed. Thus, in a validation study on 12 patients, the mean difference found between manually determined LVEDP and system output was 0.83 + − 1.68 mmHg [28] . In the particular case of LVEDP measurement using pigtail catheters, the most important source of errors is represented by the influence of hydrostatic pressure [29, 30] . In a study on 200 subjects, Brown et al. [30] found that, when the catheter position was near to mitral annulus with the external transducer placed at mid-chest level, as in our present study, a systematic mean error of + 0.7-1.5 mmHg was observed, suggesting that a slight homogeneous overestimation of LVEDP of up to 2 mmHg cannot be excluded. On the other hand, its influence on the assessment of the diagnostic value of non-invasive indices is expected to be low, as the linear correlation of PV R − A with LVEDP in the present study was comparable with other studies [19] where Millar catheters have been used.
Clinical interpretation
The first stage of LV diastolic impairment is characterized by an age-adjusted abnormal decay in E/A ratio. Some patients also present at this time slightly increased filling pressures at rest, being prone to develop further haemodynamic alterations and overt LV failure. As PV R − A enabled a very good prediction of diastolic LV pressures, it seems reasonable to routinely perform its measurement in all patients with an abnormal E/A ratio. Another important finding of the present study was that combined indices E/V p and E/E lose their predictive value for elevated LVEDP when E/A < 0.9. Peak relaxation time measured within the lateral basal segment on the long axis was significantly prolonged in patients with LVEDP > 15 mmHg, thus reflecting the degree of LV relaxation impairment. From a practical point of view, these data recommend the use of PRT as a simple and feasible way to identify more advanced stages of LV diastolic dysfunction in patients with impaired relaxation, especially when pulmonary venous recordings are of poor quality.
Conclusions
The difference in duration between PV R and A enabled the most accurate non-invasive estimation of mid-and 
